Using first-principles evolutionary simulations, we have systematically investigated phase stability in the Hf-O system at pressure up to 120 GPa. 
I. INTRODUCTION
to be much harder than the low-pressure phases (baddeleyite and OI-HfO 2 ) because of its comparatively high bulk modulus 5, 19 .
In this study, we systematically investigate the structure and stability of Hf-O compounds up to a pressure of 120 GPa by the first-principles evolutionary algorithm USPEX. Several new stoichiometries in the Hf-O system have been predicted under high pressure. Furthermore, we verify the dynamical and mechanical stability of these new high-pressure phases at 0 GPa by calculating their phonons and elastic constants. To better understand the correlations between hardness and O content, we estimate the hardness of these phases at 0
GPa using Chen's hardness model 20 . Quenchable high-pressure phases often possess superior mechanically properties, and we indeed find novel hafnium oxides with unusual mechanical properties.
II. COMPUTATIONAL METHODOLOGY
Searching the stable high-pressure structures in Hf-O system was done using firstprinciples evolutionary algorithm (EA) as implemented in the USPEX code [21] [22] [23] combined with ab initio structure relaxations using density functional theory (DFT) with the PBE-GGA functional 24 , as implemented in the VASP package 25 . In our work, variablecomposition structure searches 23 for the Hf-O system with up to 20 atoms in the unit cell were performed at 0 GPa, 10 GPa, 20 GPa, 30 GPa, 40 GPa, 50 GPa, 60 GPa, 70 GPa, 80 GPa, 90 GPa, 100 GPa, 110 GPa and 120 GPa. The initial generation of structures was produced randomly using space group symmetry, each subsequent generation was obtained by variation operators including heredity (40%), lattice mutation (20%), random (20%) and transmutation (20%). The electron-ion interaction was described by the projectoraugmented wave (PAW) pseudopotentials 26 , with 5p 6 6s 2 5d 4 and 2s 2 2p 4 shells treated as valence for Hf and O, respectively. The generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof form 24 was utilized for describing exchange-correlation effects.
The plane-wave energy cutoff was chosen as 600 eV and Γ-centered uniform k -meshes with resolution 2π × 0.06Å −1 were used to sample the Brillouin zone, resulting in excellent convergence. Phonon dispersions were calculated using the finite-displacement method with the Phonopy code 27 .
III. RESULTS AND DISCUSSIONS
A. Crystal structure prediction for the Hf-O system Thermodynamic convex hull, which defines stable compounds, is based on the free energies (at T = 0 K, enthalpies) of the compounds and pure elements in their stable forms.
The high-pressure convex hull and pressure-composition phase diagram of the Hf-O system are depicted in Fig. 1 and Fig. 2 Murnaghan equation of state 30 was used to fit the compressional behavior of the predicted Hf 2 O phases ( Fig. 3. ). The third-order Birch-Murnaghan EOS is given as
Three parameters are used to describe the EOS: the volume at 0 GPa (V 0 ), the bulk modulus at 0 GPa (B 0 ), and the first pressure derivative of the the bulk modulus at 0 GPa Table I lists the detailed crystallographic data of Imm2- Pnnm-HfO 3 becomes stable at pressures above to 110 GPa. This high-pressure phase originally derives from oxygen atom dissolving in both octahedral and tetrahedral voids of a heavily distorted hcp-Hf, as shown in Fig 9(a) 
C. Mechanical properties of Hf-O compounds
Previous studies 15, 19, 35 suggested that dense high-pressure phase OII-HfO 2 is quenchable to ambient conditions and has a high bulk modulus, and might be superhard (H > 40 GPa).
However recent study 3 reported that the hardness of OII-HfO 2 is well below 40 GPa and therefore this phase is not superhard. Interestingly, our systematic results not only confirm known hardness of HfO 2 polymorphs: H(OII) < H(MI) < H(OI), but also suggest that HfO has the highest hardness among all hafnium oxides, see We calculated the elastic anisotropy of five special phases: P62m-HfO, Pnnm-Hf 2 O, Imm2-Hf 5 O 2 , P31m-Hf 2 O and P4m2-Hf 2 O 3 . As shown in Fig. 11 , all of these five phases exhibit a moderate amount of anisotropy of Young's modulus. The directional dependence of the Young's modulus for hexagonal, orthorhombic, trigonal and tetragonal crystals can be calculated as: 1
where s 11 , s 12 , etc., are the elastic compliance constants and l 1 , l 2 , l 3 are the direction cosines of a particular crystallographic orientation to coordinate axes x 1 , x 2 and x 3 , respectively. Unlike regular metals, semimetals possess both electronic and hole conduction, which can be seen in the band structure as overlap of the partially vacant valence band top and occupied conduction band bottom located at different points in the Brillouin Zone 14 . Moreover, the Fig. 12(h,i) and in the DOS diagrams ( Fig. 14(h,i) and hole densities of HfO are both 1.1×10 20 cm −3 by integrating their occupation of the blue and green bands shown in Fig. 13(h (Fig. 12) . The peroxide is responsible for gap states, which significantly reduce the electronic band gap of HfO 2 ( Fig. 14 (m) 
